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ABSTRACT 
Experimental vapor-liquid equilibrium data for mixtures 
of tetrafluoromethane and dichlorotetrafluoroethane were 
determined at 222. 76K and 249.BOK and for mixtures of 
chlorotrifluoromethane and dichlorotetrafluoroethane at 
249.BOK and 275.02K. Data were obtained at oressures 
approaching the critical pressure for the tetrafluoromethane 
and dichlorotetrafluoroethane system at 249.BOK, where the 
critical temperature of tetrafluoromethane was exceeded. 
Additional data were collected for the argon, tetrafluoro-
methane, chlorotrifluoromethane, and dichlorotetrafluoro-
ethane quaternary system at 222.73K, 249. 78K and 275.04K. 
The data were correlated with the Peng-Robinson equation 
of state for both phases. Good correlations were obtained 
from both temperature-dependent and temperature-independent 
interaction parameters. 
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I. INTRODUCTION 
Fluorocarbon fixtures are widely used for cryogenic 
applications. For example, Polycold Systems Inc. uses a 
quaternary mixture of argon, tetrafluoromethane (R-14), 
chlorotrifluoromethane (R-13), and dichlorotetrafluoroethane 
(R-114) for vacuum chilling syste~s. Accurate vanor-liquid 
equilibrium data are useful for optimizing the design and 
operation of heat transfer equipment in such systems. 
Reliable equilibrium data have been collected for the 
binary mixture of R-14 and R-13. Croll and Scott reported 
total pressure and liquid composition data at 145.2K. (l) 
Stein and Proust measured the total pressure and composition 
for both phases of the binary at 199.8K. (lS) Kubic and 
Stein reported equilibrium data at 199.8K, 222.04K, 244.25K, 
( 7) 
266.48K, and 288. 71K . 
Data for five additional binary systems are required to 
determine the six interaction parameters characterizing a 
quaternary system. Interactive forces between argon and the 
fluorocarbons are less than among the fluorocarbons: there-
fore, vapor-liquid equilibrium data of the two fluorocarbon 
binaries not reported in the literature, R-14/R-114 and 
R-13/R-114, were collected. 
1 
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2. EXPERIMENTAL APPARATUS AND PROCEDURE 
Major components of the recirculating-vapor apparatus 
are shown in Figure 1. A glass equilibrium cell where the 
liquid and vapor phases mix, a constant temperature bath and 
associated temperature controller, an electromagnetic pump 
to circulate vapor, and manifolds to trap samples for 
analysis by a Beckman GC-2A gas chromatograph, were used in 
this study. Complete details of the equipment are available 
l h (p
. . . 10 . . . d . 11 . 
e sew ere. iacentini , Piacentini an Stein , Stein et 
2.1 EQUILIBRIUM CELL 
The equilibrium cell shown in Figure 2, has an inside 
diameter of 0.015 meter, an outside diameter of 0.038 meter, 
and a length of 0.09 meter. The cell is rated for a maximum 
operating pressure of 800 p.s.i. A stainless steel screen, 
located near the middle of the cell, disperses the vapor 
phase. The vapor enters the bottom of the equilibrium cell 
through a copper coil immersed in the same constant tempera-
ture bath as the cell. The coil serves as a heat exchanger 
to bring the vapor to the desired operating temperature 
before entering the equilibrium cell. The vapor enters the 
cell through vapor dispersion holes, which with screening, 
promote greater contacting of the vapor phase with the liquid 
. 
phase lying at the bottom of the cell. The vapor terminates 
in the cell as it condenses to form liquid. Liquid samples 
are extracted from a stainless steel capillary tube entering 
.. 
the cell through the vapor line. 
Vapor, boiling off from the vapor-liquid interface, 
leaves the top of the cell. An entrainment separator is 
provided to trap any condensate that may leave the cell with 
the rising vapor. 
2. 2 VAPOR LOOP 
Vapor leaves the top of the equilibrium cell through a 
series of coiled copper tubing. The copper coil may be iso-
lated for the extraction of vaoor samples. Leaving the 
sample coils, the vapor passes through the constant-volume, 
electromagnetic, recirculation pump to the voluMe regulator.
 
The volume regulator is a hand operated ?iston used to main-
tain constant system pressure while a liquid sample is 
withdrawn. Vapor leaving the volume regulator, passes 
through a coil immersed in the constant temperature bath, and
 
returns to the equilibrium cell. 
2.3 TEMPERATURE MEASUREMENT AND CONTROL 
The temperature within the cell ,,,as monitored with a 
three-junction copper-constantan thermooile. E.M.F.'s from 
the thermopile were measured with a Leeds and Northrup, type 
K3 universal potentiometer. The thermopile was calibrated 
against an N.B.S. certified platinum resistance thermometer. 
The estimated error for determining temperatures from the 
+ 
thermocouple was -0.02K at 275K. During thermopile calibra-
tions, pure fluorocarbons were charged into the system. The 
bath temperature was measured with the N.B.S. certified 
platinum resistance thermometer. Thermopile potentials and 
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pure component vapor ~ressures were recorded. The bath 
temperature was assumed to be the same as the temperature 
inside the cell. Excellent agreement between measured 
pure component vapor pressures and values reported by 
du Pont(J, 4 , 5lverify that the bath temperature was indeed 
the same as the temperature inside the cell. 
6 
The three-liter acetone bath was maintained at constant 
temperature with a Bayley Instrument Company precision pro-
portional-controller regulating a 500-watt quartz heater. 
Liquid nitrogen, flowing through a cold finger immersed in 
the acetone bath, served as the coolant. 
2. 4 PRESSURE MEASUREMENT 
Pressures were measured with a Heise-Bourdon tube gauge. 
A Heise gauge with a range of Oto 34.47 bar (0 to 500 psia) 
was used for the Rl4/Rll4 isotherm at 222.76K and the 
Rl3/Rll4 isotherms at 249.BOK and 275.02K. A Heise gauge 
with a range of Oto 68.95 bar (0 to 1000 psia) was used for 
the Rl4/Rll4 isotherm at 249.BOK. Both pressure gauges were 
calibrated against a Ruska deadweight gauge by Kubic (
7). 
The estinated error for each gauge is ±0.02 percent of full 
scale reading. Calibration curves for both gauges are given 
in Appendix A. 
2.5 OPERATIONAL PROCEDURE 
The vapor-liquid equilibrium apparatus was evacuated to 0.07 
millibar before each experimental run. The apparatus was 
then purged with the least volatile component and evacuated. 
After a series of three purge and evacuation operations, the 
\ ) 
minor component was injected into the system through valve 
V6, shown in Figure 1. 
The acetone bath was cooled to the desired operating 
temperature with liquid nitrogen. Thermopile readings were 
used to determine the temperature inside of the equilibrium 
cell. Fine temperature control was achieved by adjusting 
the Bayley temperature controller. 
7 
The pure component was circulated through the apoaratus 
by the electromagnetic pump. The pump was turned off, and 
the system temperature and pressure were recorded. Pure 
component vapor pressures were compared to literature values. 
Disagreement between experimental vapor ?ressures and liter-
ature values indicated that either a leak existed in the 
apparatus or the system had been improperly purged. There-
fore, pure component vapor pressures were taken before every 
experimental run to check the system integrity and purging 
procedure. 
The more volatile component was added until the desired 
pressure was reached. The mixture was circulated at constant 
temperature for twenty to thirty minutes until equilibrium 
was achieved. The electromagnetic pump was turned off and 
system temperature and pressure were recorded. 
The vapor and liquid sampling manifolds and sample 
cylinders were evacuated to 0.07 millibar during mixture 
recirculation. When the electromagnetic pump was turned off 
after equilibrium was achieved, the vapor sample manifold 
was isolated with the closing of valves V7 and VS. Vapor 
8 
samples were withdrawn from the vapor sample manifold through 
valves VlO or Vll. The liquid sample was withdrawn by open-
ing valve Vl6 and Vl3 or Vl4. During the liquid sampling, 
system pressure was maintained by adjusting the system 
volume with the volume regulator. 
2.6 QUATERNARY OPERATIO~ 
The procedure for collecting quaternary data was essen-
tially the same as for the binary system. The li~uid-rich 
quaternary charge was taken from the bottom of a tank 
received from Polycold, Co. System pressure was varied by 
charging additional amounts of R-14, R-13, and R-114 at 
222.73K, 249.78K, and 275.04K respectively. 
2. 7 ANALYTICAL TECHNIQUE 
2. 7 :1 Apparatus 
All samples were analyzed using a Beckman Instru-
ments Inc. Model G.C. 2A Gas Chromatograph equipped with a 
thermal conductivity detector and gas sampling loop. For 
all binary samples, a Beckman #72126, two meter silicone 
column was used. The helium carrier gas flow rate through 
the silicone column was one hundred and twenty cM
3 per 
minute. The silicone column was operated at 343K and fila-
ment current was set at 125MA. 
Gas samples were charged to the sampling loop through 
a manifold. Both the manifold and sampling loop were evacu-
ated before a sample was injected. Sample loop pressure was 
measured by a Ruska pressure counter. Sample loop pressures 
were typically one bar. However, some samples were run as 
9 
low as one millibar 
Peak areas corresponding to each component passing 
across the conductivity cell were automatically integrated 
by a Hewlett Packard Model 8875A differential amplifier in 
series with a Dymec Model 2210 voltage to frequency converter. 
An Anadex Model CF-200R digital counter recorded the inte-
grated peak area. Peak areas were expressed as integrator 
counts per unit pressure. 
2.7.2 Analysis of Quaternary Data 
Since argon could not be separated from R-14 or 
R-13 in the silicone column, a 40-60 mesh alumina column was 
used. To separate R-14 from argon, the alumina column was 
maintained in a 273K ice bath. After the argon and R-14 
passed the conductivity cell, the column was brought up to 
295K to allow the R-13 to oass across the cell with a minimum 
of peak tailing. The direction of carrier gas through the 
column was then reversed and R-114 was backflushed across the 
conductivity cell. Column temperature was raised to 338K 
in a warm water bath to speed the elution of R-114. For 
more details of the quaternary procedure see Appendix G. 
2.7.3 Standard Samples 
The composition of all samnles was determined by 
comparing peak areas per unit pressure with standards of 
known composition. The standards were prepared at pressures 
of approximately 1.4 bar. 
Tanks were prepared for standards by evacuating and 
flushing twice with the minor component. The minor component 
~ 
i 
' i 
~ 
. ' 
L 
10 
was charged into the evacuated tank, and, after a minute of 
equilibration, oressure was measured with a Ruska pressure 
counter. Temperature was recorded with a mercury thermometer. 
The tank was thus filled to the desired pressure with the 
major component. Total pressure and final temperature were 
recorded. For quaternary standards, the third and fourth 
components were added in a manner similar to the second. All 
lines leading from gas cylinders to the standard tank were 
evacuated and purged before new components were added to the 
sample tank. 
The composition of the standard samole was determined 
from pressure and temperature measurements. Deviations from 
ideal gas behavior were accounted for by a truncated virial 
equation. Details of the calculations of standard comnosi-
tions are given in Appendix B. The composition of the stand-
ard samples are given in Tables Bl through B3. The estimated 
error in composition is ±o.8 ner cent of a mole fraction. 
2.7.4 Sample Analysis 
The composition of an unknown sample was deter-
mined by comparing its peak areas to those of standard 
samples. The peak area per pressure for the unknown divided 
by the peak area per pressure of the standard and multiplied 
by the component fraction of the standard yielded the unnor-
malized component fraction. The mole fractions calculated 
for each component seldom summed to unity and were normalized. 
The sum of most unnormalized mole fractions ranged from 0.98 
to 1.02. 
11 
2. 8 MATERIALS 
1 
The fluorocarbons used in this study were donated by 
E. I. du Pont de Nemours and Company. According to the 
manufacturer, R-14 was pure to 99.7%, R-13 was pure to 99.8+% 
and R-114 was cure to 99.9+%. 
Inc., was pure to 99.9+%. 
Argon supplied by Air Products( 
\ 
12 
3. EXPERIMENTAL RESULTS 
3 .1 PURE-COMPONENT VAPOR PRESSURES 
The va?or pressures of pure components were determined 
at each temperature level studied and some intermediate 
temperatures. The results are tabulated with corresponding 
literature values (3 , 4 , 5) in Table I. 
The maximum deviation between exoerimental and litera-
ture vapor pressures is 0.5 percent for R-14, 0.1 percent for 
R-13, and 0.9 percent for R-114. Experimental vapor pressures 
were generally greater than reoorted values. Positive 
deviations are consistent with lot analyses that indicate the 
major impurities present are more volatile than the gases of 
interest. These data are in agreement with the literature, 
within measurement error. 
3.2 VAPOR-LIQUID EQUILIBRIUM DATA 
Experimental data for the R-14/R-114 system were 
obtained for two isotherms, 222.76K and 249.SOK. Data over 
the complete range of compositions were obtained for the low 
temperature isotherm. The isotherm at 249.SOK exceeded the 
critical temperature of R-14(227.49K). The data were 
obtained as close as practical to the critical pressure of 
the mixture. 
Data were obtained over the complete range of composi-
tions for the R-13/R-114 system at 249.BOK and 275.02K. 
Data for the argon R-14/R-13/R-114 system were obtained 
at 222.73K, 249.70K, and 275.02K. 
Inspection of pressure-comoosition diagrams generated 
' 
13 
Table 1 
Comparison of Experimental and Literature 
Vapor Pressures 
Temperature 
K 
197.74 
222.77 
223.19 
249.79 
261.13 
275.02 
222.75 
249.79 
275.02 
Tetrafluoromethane (R-14) 
Experimental Vapor 
Pressure, Bar 
Literature Vapor 
Pressure, Bar '.],4,5) 
14.39 
32.49 
Chlorotrifluoromethane 
4. 2 24 
10.401 
14.389 
20.670 
(R-13) 
Dichlorotetrafluoroethane (R-114) 
0.0696 
0.3185 
0.9404 
14. 32-
32. 3 7 
4.222 
10.391 
14.390 
20.675 
0.0703 
0.3151 
0.9418 
14 
from the data reveal no unusual behavior. An inflexion 
point is found in the more volatile component-rich sector of 
the liquidus. The inflection point in the liquidus at 
222.76K, 249.SOK, and 275,~2K has been observed by 
P
. . .(lO) 11 d d 1 d(S) d Kb' (7) 1acent1n1 , Mo erup an Fre ens un , an u 1c , 
for other fluorocarbon systems. 
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4. CORRELATIVE STUDY 
4.1 BACKGROUND 
19 
The solution to all phase equilibrium problems starts 
with the cheMical potential function derived by Gibbs, For 
any component, i, distributed in an equilibrium mixture 
between liquid and vapor phases, :, and : , the chemical 
potential in each phase is equal. 
( 1) 
The solution to the Gibb's equation must be translated 
in terms of component fugacities, which can be calculated 
from physically measurable quantities. 
- V :-: L 
.... = 
.; :, 
( 2) 
The component fugaci ty is equal to the nroduct of vapor 
composition, pressure, and the fugacity coefficient which 
can be determined from an equation of state. 
Using a pressure explicit equation Df state, the 
fugacity coefficients are evaluated from the following 
expression. 
RT ln~; 
00
[ [ / P_) - RT J dV-RTlnZ 
YJ" = 'n TV n· V 
V ' t 
( 3) 
( 4) 
Liquid fugacities are defined as a product of the liquid 
composition, activity coefficient, and standard state fugac-
ity. 
( 5) 
For each pure component, the standard state fugacity 
is a function of temperature and pressure, only. The most 
frequently used standard state is the pure liquid ·(x = 1) at ,, 
J 
• 
1 
l 
I" 
\ i 
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system pressure and temperature. 
When this standard state 
is used, the activity coefficien
ts are syrrunetrically normal-
ized. 
Difficulties arise when a pure-l
iquid standard state is 
used for supercritical component
s. If the system temoerature 
is larger than the critical tem
perature of any component:, 
pure liquid : can not exist, and
 the liquid-phase fugacity 
must be found at a physically un
attainable state. This 
problem can be circumvented by a
dopting an unsyrnrnetric con-
vention of normalizing activity 
coefficients. However, the 
unsymrnetric convention is diffic
ult to apµly for multicompo-
nent mixtures. 
Finding reliable correlations fo
r the activity coeffi-
cients also presents a formidabl
e challenge. Empirical 
equations for the activity coef
ficient such as the Margules 
equation(lJ) and the Redlich-Kister equ
ation(l4), fail to 
account for temperature or pres
sure dependence of the excess 
Gibbs energy. Extensive data ar
e required to establish the 
temperature dependence of activit
y coefficients. Therefore, 
empirical equations are seldom u
sed for correlating data in 
the critical region. 
Theoretical correlations based o
n the Van Laar theory(lJ), 
· 
( 6) 1 1 . h · 
Scatchard-H1ldebrand , regu ar 
so ut1on t cory, or Lattice 
theory predict temperature depen
dence of activity coefficients 
and can be extended to multicomp
onent mixtures. However, 
assumptions used in these expres
sions fail at pressures 
approaching the critical region.
 
I 
I: 
.,.,. .... " 
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For high-pressure vapor-liquid equilibrium, the fugacity 
~£ both phases may be described by a single equation of state. 
Equation (2) may be rewritten as 
.-L V 
Xi~ip = y :'~:· p 
( 6) 
-L -V ( 7) 
or X '\O. = y ::~: 1.. '!., 
The fugacity toefficients of b6th phases may be determined 
from Equation (4). 
A single equation of state approach requires no ~tand-
ard state and accounts for temperature effects. Since mixing 
rules for an equation of state are develooed for multicom-
ponent mixtures, the equation of state is well suited for 
multicomponent applications. 
4.2 THE PENG-ROBINSON EQUATION OF STATE 
Often it is convenient .to use a pressure explicit 
equation of state, and an approoriate set of mixing rules, to 
apply Equation (7) to an actual system. The equation of 
state should be at least cubic in volume to predict the 
compressibility factor accurately, but not so complex as to 
require many adjustable parameters and consume much computer 
time. 
Peng and Robinson proposed a semiempirical equation of 
. 11 . ( 9 ) 
state similar to the van der Wa s equation . 
The Peng-
Robinson equation was used in this study. 
RT a (T) 
p = V-b - -V~( v-'-+-b-.) _+_b_(-V--b-) 
( 8) 
Applying Equation ( 4) at the critical 
point yields 
a (Tc.) 0.45724 
R2Tc2 ( 9) 
= Pc 
b(Tc) = 0.07780 RTc 
( 10) 
Pc 
I 
i f 
., 
,·1 
\{ l 
f 
~ 
\ 
' 
22 
A constant c·ritical compressibility factor of O. 307 is 
predicted by the Peng-Robinson equation. The critical 
compressibility factors of argon, R-14, R-13, and R-114 are 
0.291, 0.278, and 0.275 respectively. Other two-constant 
equations such. as van der Walls (Zc = 0.375) and Redlich-
Kwong (Zc = 0.333) have critical compressibility factors 
which deviate. further from the critical compressibility 
factors of the components of interest. Peng and Robinson 
inco.:-porated the parameter "all, defined at the critical 
temperature in Equation (9), to improve the prediction of 
pure-component vapor· pressures. At temperatures other than 
critical 
a(T) = a(Tc) ·°'(Tr,w) 
b(T) = b(Tc) 
( 11) 
( 12) 
The .relationship between ct. and Tr can be linearized by the 
following equation: 
a.~= 1 + k(l-Tr~) (13) 
k is a constant characteristic bf each substanc~. Based 
on data from light-hydrocarbon systems, and data from some 
inorganic gases such as nitrogen, hydrogen sulphide, and 
carbon dioxide, the following relationship was established 
between k, and the acentric factor, 1.J. 
k = 0.37464 + 1.54226w - 0.26992w
2 
The mixture parameters us~d in Equatirin (8) are: 
a = r r x.x.a .. i J t J tJ 
b = l: X .b. 
-i t t 
(14) 
( 15) 
( 16) 
I 
·.:. 
,, 
,. 
i 
. I 
---- ... ,.,...--_.._.,._,,_ ..... ·~· '., ........... ~=-- ·-~---· .. 
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where, 
a . . = (1 - 5 .. ) ( a . a . ) ~ ( 1 7) 
tJ tJ t J 
The parameter 6£: is an empirically det~rmined interaction 
u 
parameter .. 
The fugacity coefficie.nt of component k may then be 
calculated from the following equafion. 
where 
ln¢;'. = bi< (Z-1) - ln(Z-B) 
b 
-A 2 ~ X a - bk 
[ 1 "'£k] 
2v'12B a b 
PV 
z = RT 
aP 
A = R2T2 
bP 
B = RT 
4.3 DATA CORRELATION 
ln [~ + 2.414B] (18) 
0.414B 
( 19) 
( 20 l 
( 21) 
The interaction parameter, 6 · · used in equation ( 1 7) tJ 
was found by a least squares analysis of the equilibrium 
data obtained. in the study. The trial function, S, is 
defined as the sum of the squares of the residual function 
r. 
- N r J. S ( 6 •. ) - i:: • ,i 
t,J t=l 
( 2 2) 
The optimum interaction parameter minimizes the functions. 
The residual, r, is defined as follows. 
n r 
r - I., 
r · =. (y •¢ • - X ·~ •) 
1, i=l 1, i 1, 1, 
( 2 3) 
Interaction parameters, determined for each isotherm, 
are listed in Table 2. I ' 
) ; 
~ ..... ,- ,.-~,...... ,,_, "" .,~ ., 
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Table 2 
Peng-Robinson Interaction Parameters 
System Temperature, K 6 . . 
Trial Function, s l • 
- •I 
R-14/R-114 249.80 0.0217 
1. 63 X 10- 1 
R-14/R-114 222.7G 0.0493 
3.40 X 1 n- 2 
R-13/R-114 2 75. 02 0.0087 
2. 92 X 10-2 
R-13/R-114 249.80 0.0110 
4.33 X 10- 3 
The experimentally obtained tempera~ures and liquid 
compositions were treated as independent variables. Va!_Jor 
compositions and pressures were treated as denendent vari-
ables in this two-comoonent, two-?h~se syster.r, and were 
predicted using the Peng-Robinson interaction parameters 
·obtained in Table 2. Experimentally obtain~d pressures and 
va!:)or-phase compositions were compared with values predicted 
from the interaction parameters. The Bias (BIAS) and root-
mean-square (RMS) difference between experimental and nre-
dicted vapor compositions and nressures were used to compare 
interaction parameters obtained at each isotherm with temper-
ature-independent interaction !_)arameters. Temoerature-
independent interaction parameters were simply averaged for 
both isotherms. The BIAS and 
RMS are defined below. 
n d· 
BIAS = i:: 1.. i=l -n 
(24) 
N ~ 
RMS [ ,E d· ] = i=l 1.. 2 
(2 5) 
Here, d 
is the difference between experimental and 
·------ ..•. ''"" ..... -- ..... 
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predicted values, and n r.eµresents the number of data points. 
Table 3 lists BIAS and RMS values for oredictions made using 
temperature-dependent and indeoenden t interaction oaramete rs. 
The BIAS and RMS are not ap'.Jreciably smaller when cal-
culated based on tem~erature~denendent interaction parameters 
instead of temperature-independent narameters. Therefore, 
Peng~Robinson binary interaction paiameters are relatively 
insensitive to temp~rature. Temperature-independent inter-
action parameters were also obtaine0 by Kubic for the 
R-14/R-13 system(?). 
4.4 THERMODYNAMIC CONSISTENCY 
Vapor-liquid equilibrium data must satisfy the Gibbs-
Duhem equ~tion to be thermodynamically consistent. Chueh, 
Muirbrook, an4 Prausnitz 12 ) developed a~ integral test for 
isothermal, binary-data at high pressures that is based·on 
the Gibbs~Duhem equation. The data of the four isotherms 
were tested using the integral test given bel~-
121 
Area I+ Area II+ Area III= 
[lnK1 + ln¢1P + x 2 
~r pS 
[ 1 n~2 + 1 nK2 ] ] (at ~ ) 
~l K1 
where, Xz 
lnKz dx2 Area I - J 
Xz = 0 K1 
X2 P2 
Area II = J ln 01 dxz x2= o 
1 p v1 dP Area III =Rr, f 
~ =0 
( 2 6) 
(27) 
(28) 
(29) 
component 2 must be the com?onent below its critical 
•. 1' 
" 
Table 3 
Temperature Dependent and Independent Interaction Parameters, BIAS,. and RMS 
Used to Predict System Pressures and Vaoor-Phase Compositions ·from 
Experimental Temperatures and Liquid-Phase Compositions 
Te_mperature Dependent Temperature Indep
endent 
Parame t·ers Parameters 
Mixture Temperature,K Oij BIAS RMS 6i) BIAS RMS 
R-14/R-114 249.80 0.0217 -0.00483 0.0187 
0.0355 -0.00658 0.0187 
R-14/R-114 222.76 0.0493 +0.00067 0.0037 
0.0355 +0.()0138 0.0037 
R-13/R-114 275.02 0.0086 -0.00194 0.0163 
0.00984 -0.00298 0.0167 
R-13/R-114 249.80 0.0110 +0.000074 0.0064 
0.00984 +0.000484 0.0064 
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temperature.. The consistency test compares the left-hand 
side of Equation (26) with the right hand side. The per cent 
inconsistency is defined as the absolute value of the dif-
ference between the RHS and LHS di~ided by the m~an of the 
RHS and LHS. 
Tables (D-1) through (D-4), found in Aopendix D, tabu-
late the quantities ·used in the thermodynamic consistency 
test. The fugacity coefficients and liquid-molar volumes 
were computed from the Peng-Robinson equation of state. The 
results of the thermodynamic consistency test are given in 
Table 4. 
Table 4 
Thermodynamic Consistency Test 
System Ternperature,K 
Percent Inconsistency 
Rl4/Rll4 249.s·o 
16.8 
Rl4/Ril4 222.76 
2. 3 
Rl3/Rll4 249.80 
3. 5 
Rl3/Rll4 275.02 
6. 5 
4.5 LIQUID PHASE ACTIVITY COEFFICIENTS 
Liquid phase activity coefficients were obtained from 
the follo~ing equation. 
( 3 0) 
The vapor-phase fugacity coefficient in the left hand 
side of Equation (30) was obtained from the Peng-Robinson 
1.: ,, 
\ 
,, 
/I 
r ( 
I 
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equation of state analysis. The
 system pressure, .and liquid 
and vapor-phase compositions, we
re obtained ~xperimentally. 
The exponential term in the righ
t hand side of Equation (30), 
known as the Poynting correction
, accounts for the compres-
sion of the liquid to a pressure
 greater than its saturation. 
pressure. The liquid molai volum
e~ obtained from the Peng-
Robinson analysis, must rernairi i
nside the integral sign for 
condensed phases near the critic
al pressure. 
0 
The choice of the standard state
 fugacity, f~, 1s 
arbitrary. The most frequehtly 
used standard state is that 
of the pure liquid (xi=l) at the svstem
 temperature and 
pressure. For supercritical com
ponents, the fugacity of the 
hypothetical liquid must be foun
d by extrapolation from a 
pressure belo~ the criti~al pres
sure of the liquid; 
In this study, activity coeffici
ents were normalized 
according to the unsyrnmetric con
ventio"n to avoid the dif-
ficulty of extrapolation pf the s
tandard state fugacity into 
a hypothetical-liquid region. F
or the les~ volatile, or 
subcritical component 1, the act
ivity coefficient was normal-
ized as follows: 
·r1 + 1 as x -+ l 
( 31) 
The more volatile component Z w
as normalized as follows. 
* 
y z + l as Xrr 0 
( 32) 
Calculated liquid phase activity
 coefficients for the 
four binary isotherms are presen
ted in Appendix E. 
4. 6 K FACTORS FOR THE BINARY 
SYSTEM 
29 
Phase equilibrium data are often presented in te·rms of 
K factors. By definition: 
V 
K = 
X 
( 3 3) 
where y is the mole fraction 1n the vapor phase and xis
 
the mole fraction in the liquid phase. Experimental~ 
factors for both binary systems are presented in Figures
 7 
and 8. K values for the more volatile components, R-14 
and 
R-13, decrease with increasing pressure, finally approac
hing 
K=l, at the saturation pressure for pure R-14 or R-13. 
K1 4 
approaches unity as the pressure increases to the criti
cal 
pressure of R-14. 
K factors for R-114 start at the saturation pressure fo
r 
pure R-114 (where K=l), decrease with rising pressure, and 
after going through minima, rise again to K=l at either
 the 
saturation pressure of the more volatile component, or 
the 
critical component. 
" 4.7 QUATERNARY SYSTEM 
Argon/R-14/R-13/R-114 eq~ilibrium data are reported in 
Tables C-5 and C-6 in Appendix C. From the data in Appe
ndix 
C, K-factors are calculated and presented in Appendix F
. 
Figure 9 is a K-factor plot for the quaternary system. 
More 
data is neede~ to characterize each isotherm. Figure 9 
shows 
a similar trend in K factors to that of the binary syste
ms: 
The K factor of each component approaches ur1ity as the 
pressure approaches the saturation. pressure of the pure
 com-
ponent. 
I 
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5.0 CONCLUSIONS 
1. Thermodynamically consistent. data were obtained
 
for the R-14/R-114 system at 222.76K and 249.BOK 
and the R-13/R-114 system at 249 .. B~K and 275.02K. 
2. The Peng-Robinson equation of ~tate accurately 
correlates vapor-liquid equilibrium data for the 
R-14/R-114 system at I22.76K and 249.BOK, and the 
R-13/R-114 system at 249.BOK, and 275.02K. 
33 
3. Peng-Robinson in teractiuil parameters are re la t
i ve ly 
insensitive to temperature over the temoerature 
range studied. 
I 
' 
(1 
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.APPENDIX B 
Standard-Sample Compositions 
The compo~itions of the standard samples were calcu~ 
lated from~ virial equation of state truncated after th
e 
second virial coefficient. The second virial coefficien
ts 
were determined by the Pitzer-Curl correlation(l
2). 
Based on a unit volume, the number of moles of the 
first componeht in the tank is given by the following 
expression. 
V 
= 
)" 1/2 
C-1 +( 1 + ( 4~~ 11 ) 1 
2B 11 
(Bl) 
The final pressure and temperature were obtained as 
described in section 2.7.3, and used to solve for the n
umber 
of moles of the second component. The mixture virial c
oef-
ficient is written as follows. 
( B2) 
The cross coefficient, B12, is obtained from mixing 
rules given by Prausnitz(l 3l, Equation (B2) is substituted 
into the truncated, pressure-explicit, virial equation. 
PV = 1 + B'P 
RT 
The number of moles of the second component, n2, may be
 
solved from the resulting quadratic equation. 
PV2 
B22n22+(V+2n1B12)nz+(n1V+n12B11-RT ) = 0 
39 
(B3) 
(B4) 
'i I I 
r 
•. ; 
I ' 
' 
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For the quaternary system, the number of moles of com-
ponents three and four were calculated successively. 
B33n/ + (V+2n 1B 13+2n 2B2 3)n 1 
'). PV 2 
+. ( n l V + n 2 V + n i2 B n + n 2 - B z 2- RT ) = 0 (BS) 
B44 n4
2 
+ (V+2n 1B14 +2n 2B24 +2n3B14)n~ 
+ (n1V+n 2V+n 1V + n 12B11+n~ n22 +n~ B3-:,-
( B 6) 
Mole fractions can be easily obtained from n 1,n.l1n3 and 
no. of components 
X.i = f1i / I n .. 
. ;=1 . L 
(B7) 
\. 
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Table Bl 
Standard Compositions for the R-14/R-114 System 
Sample 
Number 
SlA 
S2A 
S3A 
S4A· 
SSA 
Samole 
Numbe.r 
SlB 
S2B 
S3B 
'S4B 
S5B 
Mole Fraction Mole Fraction 
CF4 C2Cl 2F4 
0.9738 ().0262 
0.9013 0.0987 
0.5106 0.4894 
0.2368 0.7632 
0.0907 0. 9093. 
Tc;ible B2 
Standard Compositions for the R-13/R-114 System 
I 
Mole Fraction 
CClF3 
0.9952 
0.8985 
0.5277 
0.2334 
0.0485 
I 
Mole. Fract~on 
c 2cl 2F4 
0.0048 
0.1015 
0.4723 
0.7669 
0.9513 
f 
Sample 
Number 
S4C 
SSC 
S6C 
Table B3 
Standard Compositions for Argon/R-14/R-13/R-114 System 
Mole Fraction Mole Fraction Mo 1 e ·Fraction 
Argon CF, CC1F 3 4 
o. 1841 0.3514 0.2455 
0.0997 o. 2491 0.2973 
0.1322 0.2533 0.3922 
Mole Fraction 
C7 Cl 2 F, ~ 4 
0.2190 
0.3539 
0.2223 
APPENDIX C 
Experimental Data 
':'able Cl 
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Experimental Data for R-14/R-114 at 222.76K (-58.70°F) 
Pressure Liquid Mole 
Vapor Mole 
·bar (psia) Fraction, CF 
Fraction, CF 4 4 
0.0696(1.01) 0.0000 
0.0000 
0.9446(13. 70) 0.0229 
0.9211 
2.474(35.88) 0.0502 
0. 9 712 
4.631(67.17) 0.0963 
0. 9 8 4·0 
8.363(121.3) 0.1884 
0.9903 
11.72(170.1) 0.2659 
0.9961 
14.85(215.4) 0.3683 
0.9970 
1 7 . 5 5 (2 5 4 . 6 ) 0.4094 
0.9963 
2 1. 0 5 ( 3 0 5 . J) 0.5642 
0.9933 
22.93(332.5) 0.6593 
0.9902 
25.80(374.2) 0.8156 
0.9937 
26.97(391.1) 0.8557 
0.9977 
27.14(393.6) 0.8616 
0.9948 
28.05(406.9) 0.8894 
0.9948 
30.80(446.7) 0.9725 
0.9970 
32.49(471.3) 1.0000 
1.0000 
I . 
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r l j'' Table C2 Experimental Data for R'.'"14/R-114 at 249.80K(-10.03°F) 
Pressure Liquid Mole 
Varor Mole 
bar (psia) Fraction, CF 4 
Fraction, CF 4 
0.3185(4.62) 0.0000 
0.0000 
0 . 7 7 3 6 ( 11 . 2 2 ) 0.0152 
0.5612 
1.192(17.29) 0.0148 
0.7134 
2.4063(34.90) 0.0276 
0.8550 
3.457(50.14) 0.0626 
0.8966 
6.477(93.94) 0.0806 
0.9470 
7.485(108.6) 0.0921 
0.9487 
9.482(137.5) 0.1355 
0. 9 57 4 
14.01(203.2) 0.2649 
0.9634 
16.58(240.5) 0.2996 
0.9662 
24.79(359.6) 0.4360 
0.9738 
. 
30.20(438.0) 0.4888 
0.9755 
30.80(446.7) 0.5050 
0.9746 
32.26(467.9) 0.5482 
0.9789 
34.77(504.4) 0.5611 
0.9760 
36.11(523.7) 0.5762 
0.9735 
38.49(558.3) 0.6408 
0.9766 
40.46(586.8) 0.6681 
!J. 97 3 6 
43.41(629.7) 0.7351 
0.9725 
44.19(640.9) 0.7628 
0.9054 
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Table C3 
Experimental Data for R-13/R-114 at 249.80K (-10.03°F) 
Pressure Liriuid Mole 
Vapor Mole 
bar (psia) Fraction, CC1F 3 F
raction, CC1F 3 
0 . 318 5 ( 4 . 61) 0.0000 
0.0000 
0.3427(4.97) 0.0162 
0.0441 
o. 7915(11.48) 0.0486 
0.5976 
1.372(19.90) 0.0969 
0.7778 
2.208(32.03) 0. 18-8 7 
0.8726 
3.564(51.69) 0.3300 
0.9295 
5.397(78.27) 0.5069 
0.9590 
6.384(92.59) 0.6269 
o. 9700 
7.617(110.5) 0.7423 
0.9825 
8 . 2 39 ( 119 . 5 ) o. 7832 
0.9871 
9.123(132.3) 0.8941 
0.9888 
9.758(14.1.5) 0.9465 
0.9968 
9.969(144.6) 0.9600 
0.9978 
10.401(150.9) 1. 0000 
1. 0000 
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Table C4 
Experimental Data for R-13/R-114 at 275.02K 
(35.37°F) 
Pressure Liquid Mole 
Vapor Mole 
bar (psia) Fraction, CClF 3 F
r a.ct ion, CC1F 3 
0. 9404 (13. 64) 0.0000 
0.0000 
l. 061 ( 15. 39) 0.0050 
0.0940 
l. 199 ( 17. 39) 0.0279 
0.4381 
l. 88 6 ( 2 7. 3 6) 0.0492 
0.4921 
2. 0 35 ( 29. 52) 0.0786 
0.5408 
2.537 ( 36.-:' 9) 0.0813 
0.6226 
3. 4 7 0 ( 50. 3 3) 0.1358 
0.7366 
4.490 ( 6 5 .12) 0. 1914. 
0.8015 
5.760 (83.54) 0.2710 
0.8553 
7.002(101.6) 0.3372 
0.8825 
8. 943 (129. 7) 0.4163 
0.9200 
10. 73 (155.7) 0.5096 
0.9382 
11. 78 (179. 8) 0.5914 
0.9398 
12.81 (185. 8) 0.6495 
0.9542 
13.80 (200.1) 0.7184 
0.9595 
13.95 (202.4) 0.7263 
0.9685 
15.88 (2 3 0. 4) 0.7997 
0.9754 
16.69 (242.2) 0.8362 
0.97S8. 
~ 18.21 (264.1) 
0.8994 0.9857 
'· 
~~ 
~ 
t~ 
18.89 (274.0) 0.9363 
0.9896 
·,1 ~ 
a 
20.67 (299.8) 1. 0000 
1.0000 
Table CS 
Experimental Data for the Argdn/R-14/R-13/R~ll4 Mixture 
Received. from Polycold, Inc. 
Temp Pressure 
K bar 
274.05 13.72 
296.25 11. 32 
Liquid Mole 
Fraction, CC1F 3 
0.3082 
0.3805 
(psia) 
(199.0) 
(164.2) 
Liquid Hole 
Fractfon, Ar 
0.0985 
0.0988 
Vapor. Mole 
Fraction, CC1F 3 
0.2694 
0.3805 
Vapor Mole Liquid Mole 
Fraction, Ar Fraction, 
0. 15"iJ 
0.1687 
Li ,pii d Mo 1 e 
Fraction, C?Cl 1 F, 
- - .. 
0.3575 
0.3308 
CF, 
.. 
....... 
Vapor Mole 
Fraction, CF, 
0.3861 
0.4373 
Vapor Mole 
Fraction c 2c1 2 f 4 
0.1892 
0.1330 
.. 
Table C6 
Experimental Data for Argon/R-14/~-13/R-114 
Temp Pressure Liquid Vapo.r Liquid Vapor Liquid Vapor
 Liquid Vapor 
K bar (psia) Mole Mole Mole Mole Mole Mole H.ole Mole
 
Fraction Fraction Fraction Fraction Fraction Fraction Frac. tion Fra
ction 
Ar Ar CF 4 CF 4 
CC1F 3 CC1F 3 c 2cl:2F4 
c 2c1 2 F4 
222.73 9.363(135.8) 0.0158 0.2188 0. 14 54 o .. 5414 n.5168 0. 2·304 0. 1220 
·o. 0094 
13.37 (193. 9) 0.0121 0. 1640 0.2699 O.h888 0. 1531 o. 140h o. 1h49 0.0066 
*18.86 (273.6) 0.0160 0.0063 0.4171 0.9879 0.2943 0.0046 0.272h 0.0012 
*24.06 (349. 0) 0.0274 0.0026 0.55i8 0.9895 0.2381 0.0068 0.1825 0.0011 
249.78 *5.186 (75.21) 0.0076 o. 0072 o. 1782 0.0189 0.6516 0.3386 0.6153 
0.0942 
8.191(118. 8) 0.0076 0.1694 0.0535 0.4835 0.2715 0.3087 0.6674 0.0384 
8. 777(127 .3) 0.0055 0.0895 0.0'341 0.2289 0. 5462. 0.6110 0.4142 0.0506 
10.33 (149. 8) 0.0087 0. 1246 0.2402 0.2505 0.4012 0.5869 0. 3499 0.1))80 
275.04 1..811 (26. 37) 0.0049 0.1031 0.0549 0.2'320 0.0986 0.125 3 0. 8416 0
.5396 
3.923 (56.90) 0. 0411 0.1538 0.0132 0.3h61 0.0384 0.2025 0.9071 o. 2 77 4 
5.576 (80.87) 0.0085. 0.1557 0.0:264 0.4156 0.0769 0.22L6 0.8882 0. 2061 
8. 019(116. 3) 0~0109 0.1797 0.0581 0.4628 0. 1418 0.2279 0.7891 0.1296 
*These data. were not included in analysis of equilibrium constants. 
.._._ - -
Pressure 
Bar 
0.9446 
2.474 
4.631 
8.363 
11. 72 
14.85 
17.55 
21. 05 
22.93 
25.80 
26.97 
27.14 
28.05 
30.80 
' - ·- .r,.. ·-- -·- -< ·- p ---
APPENDIX D 
Computed Values Used in Test of Thermodynamic Consistency 
Table Dl 
K-Factors, Calculated Vapor Fugacity Coefficients and Calculated 
Liquid Volumes for the R-14/R-114 System at 222.76K 
Liquid 
Mole 
Fraction 
CF4 
0.0229 
0.0502 
0.0963 
0.1884 
0.2659 
0.3685 
0.4094 
0.5642 
0.6593 
0.8156 
0.8557 
o .. 8616 
0.8894 
0.9725 
Vapor 
Mole 
Fraction 
CF4 
0.9211 
0.9712 
0.9840 
o_. 9903 
0.9961 
0.9970 
0.9963 
0.9933 
0.9902 
0.9937 
o. 9977 
o. 9948 
0.9948 
o. 9970 
40.22 
19.35 
i0.22 
5.256 
3. 746 
2.706 
2.434 
1. 761 
1. 502 
l. 218 
1. 166 
1. 155 
1. 119 
1. 072 
0.08075 
0.03032 
0.01770 
Os01195 
0.005313 
0.004750 
0.006265 
0.01537 
o.·02876 
o-. 03416 
0.01594 
0.03757 
0.04702 
0.1091 
Vapor 
Fugacity 
Coef. 
CF 4 
0.9772 
- 0.9612 
0. 93_89 
0.9010 
.. o. 8674 
0. 83(?6 
0.8102 
0. 7763 
0.7583 
0.7305 
0. 7192 
0. 7138 
0.7086 
0.6987 
Vapor 
Fugacity 
Coef. 
c 2cl 2 F 4 
0.9459 
0.8899 
0.8124 
0.6903 
0.5927 
0.5073 
o. 4404 
0.3566 
0.3138 
0.2584 
0.2402 
0.2331 
0.2153 
o. 1656 
3I.iq. Vol. 6 
m /mol x 10 
94.94 
93.89 
92.15 
88.74 
85.96 
82.47 
81.12' 
76~69 
74.66 
73.96 
74.87 
7 5. 08 
76.37 
88.19 
K-Factors, Calculated 
Liquid Volumes 
Liquid Vapor 
Pressure Mole Mole 
Bar Fraction Fraction 
CF 4 CF4 
1.192 0.0148 0. 7134 
2.406 0.0276 0.8550 
3;457 o. 0626 0.8966 
6. 477 0.0806 0.9470 
7.485 0.0921 0.9487 
9.482 0.1355 0.9574 
14.01 0.2649 0.9634 
16.58 0.2996 0.9662 
24.79 0.4360 0.9738 
30.20 0.4888 0.9755 
30.80 0.5050 0.974b 
32.26 0.5482 0.9789 
34.77 0.5611 0.9760 
36.11 0.5762 0.9735 
38·. 49 0.6408 0.9766 
40.46 0.6681 0.9636 
43. 41 0.7351 0.972.5 
44.19 0.7628 o. -9054 
Table D2 
Vapor Fugacity Coefficients 
for the R-14/R- l 14 system at 
KCF K 
Vapor 
c 2cl:/4 
Fuga_city 
4 Coef. 
CF.:. 
48. 20 0.2759 0.9800 
30.98 0.1491 0.9702 
14. 32 0. 1103 0.9622 
11.75 0.05765 0.9400 
10.30 0.05650 0.9328 
7. 066 0.04928 0.9186 
3.637 0.04979 0.8870 
3.225 0. 04825 0.8693 
2.233 0. 0464 5 0.8142 
1. 996 Q.04793 0. 77 94 
1. 930 0.05131 0. 7756 
1. 7~6 0.04670 0. 7661 
1. 739 0.05468 0.7505 
1. 690 0.06253 0.7424 
1. 524 0.Ofr514 0.7275 
1. 4 57 0.07954 0.7159 
1. 323 0. 1038 0.6984 
1. 187 0.3988 0. 7660 
and Calculated 
249.BOK 
Vapor 3Liq. V
ol. 6 
Fugacity m /mol X 10 
Coef. 
c 2c1 2 F4 
0.9407 <j9. 04 
0.9048 98. 56 
0.8751 9 7. 32 
0. 7950 96.63 
0. 7680 96·. 22 
0.7185 94. 71 
0.6127 90. 50-
0.5581 89.40 
0.4013 85.60 
0.3232 84.28 
0.3137 83.96 
0.2965 83.25 
0.2603 82.94 
0.2409 82.70 
0. 2149 82. 2 7 
0. 1894 82.23 
O.l5o7 83.21 
0. 03.94 3 84.24 
u, 
C> 
- ; .. 
Pressure 
Bar 
0.7915 
1. 3720 
2°.208 
3.564 
5.397 
6.384 
7.617 
8.239 
9.123 
9.758 
9.997 
Table D3 
~-Factors, Calculated Vapor Fugacity Coefficients, and Calculated 
Liquid Volum~s for the R-13/R-114 System at 249.BOK 
Liquid 
Mole 
Fract.ion 
0.0486 
0.0969 
0.),887 
0.3300 
0.5269 
0.6269 
0.7423 
0.7832 
0.8941 
0.9465 
0.9600 
Vapor 
Mole 
Fraction 
CC1F 3 
0.5976 
o. 7778 
o. 8726 
0.9295 
0.9590 
0.9700 
0.9825 
0.9871 
0.9888 
0.9968 
0.9978 
12.30 
8.027 
4.624 
2.817 
1. 820 
1. 54 7 
1. 324 
1. 260 
l. 106 
l. 053 
1. 019 
0.42]0 
0.2460 
0.1570 
0.1052 
0.08666 
0.08041-
0.06791 
0.05950 
0.1058 
0.05981 
0.05500 
Vapor 
Fugacity 
Coef. 
CC1F 1 
0.9753 
0.9651 
0.9512 
0.9291 
0.8996 
0.8838 
o.8n42 
o. 8543 
0.8402 
0.8301 
0.8263 
Vapor 
Fugacity 
Coef. 
C2C12F4 
0.9513 
0.9286 
o.89n7 
0.8466 
0.7810 
0. 7467 
0.7052 
0.6841 
0. 6 54 7 
0. 6341 
0.6275 
3
Liq. Vol. 6 
m /mol x 10 
98.22 
96.88 
94.38 
90.65 
85.81 
83.58 
81.31 
80.59 
7-9. 09 
78. 64 
78.55 
-
· • - . A"' .. • . _.,,_... M sar 
Table D4 
K-Factors, Ca+culated Vapor Fugacity Coefficient, and Calculated 
Liquid Volumes for the R-13/R-114 System at .275.02K 
Liquid Vapor 
Kcc1F 3 
K 
Vapor Vapor 3Liq. Vol. 6 
Pressure Mole Mole c 2c1 2F4 
Fugacity Fugacity m /mol X 10 
Bar Fraction Fractiori Coef. 
Coef. 
CC1F 3 CC1F 3 
CC1F 3 c 2c1 ::/ 4 
1.061 0.0050 0.0940 18.80 o·. 9106 0.9805 0. 94 71 
103.9 
1.886 o. 0492 0.4874 9.907 0.5391 0.9678 0.9196 
102.8 
1. 907 0.0565 0.4921 8.710 0. 5 38 3 0.9670 0.9189 
102.6 
2.035 0.0786 0.5408 6.880 o. 498-'. 0,9648 0.9152 
102.0 
2.537 o. 08'13 0.6226 7.658 0.4108 0.9582 0.8996 
101.9 
3.470 o. 1358 0.7366 5.424 o. 3048 0.9457 0.8673 
100.6 
4.490 0.1914 0.8015 4.188 0,2455 0.9327 
0.8429 99.23 
5.760 o. 2710 0.8553 3.156 0. 198 5 0.9168 
0.8076 97. 37 
7.002 o. 33 72 0.8825 2.617 0.1773 0.9015 
0. 77-34 95.89 
8.943 0.4163 o. 92·00 2.210 0.1371 0.8778 
0.7225 94.21 
10.73 0.5096 0.9382 1. 841 .0. 1260 0.8562 
0.6762 92.46 
11. 78 0.5914 0.9398 1.589 0. 14 7 3 0.8439 
0.6487 9.1. 21 
12.81 0.6495 0.9542 1.469 0.1307 o. 8313 
0.6242 90.49 
13.80 o. 7184 0.9595 1. 336 o. 14 38 0.8195 
0.5999 89.93 
13.95 0.7263 0.9685 1. 333 0.1151 0.8176 
0.5980 89.88 
15.88 0.7997 0.9754 1.220 0.1228 0. 7 94 7 
0.5507 89.69 
16.69 0.8362 0.9758 1. 167 0.1477 o. 7851 
0. 5108 88.8h 
18.21 0.8994 0.9857 1.096 o. 1421 0. 7fi70 
0.4963 90.69 
18.89 0.9)63 0.9396 1. 05 7 0.1633 0.7589 o. 4810 
91.70 
-
Pressure 
Bar 
0.9446 
2.474 
4.631 
8.363 
11. 72 
14.85 
17.55 
21. 05 
22.93 
25.80 
26.97 
27.14 
28.05 
30.80 
* Note: y 
y 
CF4 
APPENDIX E 
Liquid Phase Fugacity and Activity Coefficients 
Table El 
Liquid Phase Fugacity and Activity Coe£ficients 
for the R-14/Rll4 System at 222.76K 
Liquid Mole Fugacity Fugacity Activity Coef. 
Fraction CF~. Coef. CF L1 Coef. c 2c1 2F 4 
Y* CF, 
4 
0.0229 45.55 0.-077 5.8 0.884 
0.0502 17 .13 0.02988 0.870 
0.0963 8.896 0.01801 0.846 
0.1884 4.637 0.009237 0.797 
0.2659 3. 137 0.006832 o. 756 
0.3685 2.290 0.005715 0.699 
0.4094 1. 885 0.005016 0.680 
0.5642 1. 379 0.004894 0. 596 
0.6593 1. 165 0.005223 o. 549 
0.8156 0.9088 0.007083 0. 482 
0.8557 0.8461 0.008018 o. 469 
0.8616 o. 7216 0.008200 0.467 
0.8894 0.7972 0.009154 0.459 
0.9725 0.7025 0.01629 0.444 
-+ 1 as XCF -+ 0 II CF, 48.68 bar 4 4 
c 2cl 2 F4 
-+ 1 as X -+ 1 i pure CF, 0. 071 !, bar C2Cl2F 4 •I 
Activity Coef. 
y~2Cl2F4 
l. 021 
1. 02 3 
1. 026 
1.038 
1.059 
1. 107 
l.133 
l.307 
1. 492 
2.265 
2.668 
2. 7.41 
l.152 
6.069 
Ul 
w 
-
Pressure 
Bar 
1.192 
2.406 
3.457 
6. 4 77 
7.485 
9. 482 
14.01 
16.58 
24.79 
30.20 
30.80 
32.26 
34. 77 
3fi. 11 
38.49 
40.46 
4 3. 41 
44.19 
Note: Y*CF 
Table E2 
Liquid Phase Fugacity and Activity Coefficients 
for the R-14/R-114 System at 249. 80!~ 
Liquid Mole Vugacity Fugacity Activity Coef. 
Fraction CF 4 Coef. CF, Coef. c 2cl 2
F 4 
y* CF 4 4 
0.0148 48.13 0.2657 0.994 
0.0276 24.27 0. 1324 0.991 
0.0626 16.63 0.09270 0.976 
0.0806 8. 873 0.05024 0.975 
o. 0921 7.653 0.04371 0. 972 
0.1355 5. 932 0.03495 o. 9'.">5 
0.2649 3.765 0.02465 0.896 
0.2996 3.137 0.02128 0.883 
o. 4 360 1. 963 0.0156) 0.826 
0.4888 1. 579 0. 013.61 0.810 
0.5050 1. 533 0.01355 0.801 
0.5482 1. 422 0.01352 ·o. 779 
0.5611 1.318 0.01284 0. 778 
0.5762 1. 260 0.01264 0. 773 
0.6408 1. 631 0.01302 0.735 
0.6681 1. 059 0.01304 0.718 
0.7351 0.9417 0.01414 o. 677 
o. 7'628 0.9049 0.01503 0.662 
-+ 1 as XCF 
-+ 0 11 CF 
58.91 har 
4 4 , 4 
yc 2ct 2F 4 
-+ 1 as XCF 
-+ 0 ;'pure C~Cl 2 F 4 = 0
.313 bar 
4 
A':tivity Coef. 
YC 2c1 2F4 
1.008 
1.008 
1. 010 
1.010 
1.012 
1. 015 
1.039 
. 1. 050 
1. 121 
1.166 
1.181 
1.230 
1. 248 
1. 270 
1.389 
1. 450 
L 6 76 
1.795 
Pressure 
Bar 
.0. 7915 
1. 372 
2.208 
3.564 
5.397 
6.384 
7~617 
8.239 
9.123 
9.758 
9.997 
Note: 
Table E3 
Liquid Phase Fugaci~y and Activity Coeff·icients 
for the R-13/R-114 System at 249.BOK 
Liquid Mole 
Fraction CC1F 3 
0.0486 
0.0969 
0.1887 
0.3300 
0.5269 
0.6269 
0.7423 
0.7832 
0.7841 
0.9465 
0.9600 
as 
Fugacity 
Coef. CC1F 3 
12.57 
7.183 
4.379 
2.639 
1. 674 
1. 389 
1.144 
1. 053 
0.9398 
0.8772 
0.8564 
Xcc1F 3 
-+ 0 
Fugacity 
Coef. C.)Cl?F, 
- -
4 
0.3995 
0.1886 
0. 1448 
0.09138 
0.06306 
0.05517 
0.04881 
0.04630 
0. 04 534 
0.04463 
0. 04401 
Activity Coef. 
Y*CC1F 3 
0.983 
0.974 
0.956 
0.926 
0.893 
0.876 
0.861 
0.857 
0.847 
0.846 
0.846 
17.48 bar 
0.9083 bar 
'. - :-- .. 
Act ivi.ty Coef. 
YC 2c1 2F4 
I. 004 
1. 009 
1.006 
1. 019 
1. 055 
1.087 
1.143 
l. 167 
1.760 
1.323 
1. 334 
Ul 
l.Jl 
-
Pressure 
Bar 
1. 061 
1.886 
1.907 
2.035 
2.537 
3.470 
4.490 
5.760 
7. 002 
8.943 
10.73 
11. 78 
12.81 
13.80 
13.95 
15.88 
16.69 
18.21 
18.89 
Notes: 
Table E4 
Liquid Ph~se Fugacity and Activity Coefficients 
for the R-13/R-114 System at 275.02K 
Liquid Mole Fugacity Fugacity Acti"vity Coef. 
Fraction CC1F 3 Coef. CC1F 1 
Coef. c 2c1 2I\ Y*CC1F 3 
0.0050 16.45 0.8585 0.999 
0.0492 9.195 0.4848 0.995 
0.0565 9.081 0.4797 0.991 
0.0786 8.471 0.4499 0.987 
0. 0813 6.805 0.3618 0.988 
0.1358 4. 92.9 0.2660 0.979 
0.1914 3,775 0.2070 0.970 
0.2710 2.902 0.1632 0.956 
0.3372 2.361 0.1360 0.946 
0.4163 L827 0.108h 0.935 
0.5096 1. 500 0.09295 0.921 
0. 5914 1. 346 0.08707 0.907 
0.6495 1. 227 0.08215 0.899 
0. 7184 1. 126 0.07907 0.889 
0.7263 1.113 0.07856 0.888 
0.7997 o .. 9709 0.07279 0.882 
0.8362 o. 9211 0.07148 n.880 
0.8994 0.8419 0.07000 0. 877 
0.9363 0.8103 0.07063 0.876 
y*cc1F 3 
-r 1 as Xcc lF 3 
-+ 0 H CC1F 3 l 
7. !, 8 har 
y c2c~2F4 7 1 Xc2Cl 2F 4 -+ 1 J 
' c 2Cl:/ 4 
0.9083 bar as pure 
Activity Cocf. 
YC2 C 1 2 F 4 
1. 003 
1. 001 
1. 003 
I. 001 
1. 003 
1.005 
l. 007 
1. 013 
1. 02 
l. 03 
1. 05 
l. 08 
1. 10 
1. 14 
1. 14 
1. 19 
1.23 
1. 30 
1. 36 
57 I 
APPENDIX F 
Qu,1ternary K Factors 
I Table Fl 
t 
~. 
rt (', 
Quaternary K Factors at 222.73K 
Pressure K K K 
K 
Bat Argon CF 4 
CC1F 3 
c 2cl 2F4 
9.363 lJ. 8 3.72 0.446 
0.0290 
13. 37 13. 6 2 .. 55 0.398 
0.0181 
Table F2 
Quaternary K Factors at 249.781<-
Pressure K K K 
K 
Bar Argon CF 4 CC1
F 3 
c 2c1 2F4 
·8 .191 22.3 9.04 1. 14 
0.0575 
8. 777 16. 3. 6.71 1.16 
o·.122 
10.33 14. 3 1. 04 L 46 
0.109 
Table F3 
Quaternary K Factors at 275.02K 
Pressure K K 
K ·K 
Bar Argon CF 4 
CC1F 3 
c 2cl 2F4 
1.818 21. 0 4.23 
1. 27 0.641 
3.923 3.74 27.8 5 .. 27 
0.306 
5.576 18.3 15.7 2
.94 0.232 
8.019 16.5 7.97 
1. 607 0.164 
I 
• 
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APPENDIX G 
Analysis of the Quaternary System 
Argon, R-14, R-13, and R-114 can be separated in a 
6 foot long, ~ inch o.d. coiled column packed with 40-60 mesh 
alumina. One hundred and twenty cm
3 per minute of helium 
carrier gas brought the quaternary sample across the thermal 
conductivity cell in the chromatograph described in Section 
2. 7.1. 
Figures Gland G2 show how the alumina-packed column 
was piped in the Gas chromatograph. After Argon, R-14, and 
R-13 passed through the conductivity cell, the switching 
valve shown 1n Figures Gland G2 was reversed, allowing 
helium gas to carry R-114 out of the column and across the 
detection cell. 
Figure G3 shows relative peak heights, elution times, 
and the temperature profile for a typical analysis of the 
quaternary system. Temperature control was achieved by 
immersing the column in an ice bath until the Argon and R-114 
passed across the detection cell. The ice was removed, and 
the column warmed to room temperature before R-13 passed 
across the detection cell. The direction of carrier gas was 
reversed by turning the switching valve. The column was then 
immersed in hot water to speed the elution of R-114. 
; 
" 
,, 
ALUMINA-
PACKED 
COLUMN 
EXHAUST 
R-13, R-1-4, ARGON i) 
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7. PHYSICAL PARAMETERS USED IN.THE STUDY (J,
4
,S) 
Component Critical Pressure 
(Bar) 
3 7. 4 5 
38.63 
32. 63 
Critical Temperature 
(K) 
227.48 
302.05 
!d8. 85 
Accentric F.actor 
w 
0.179 
o. 170 
0. 2 54 5 
I 
i 
·I 
'1 
I i 
if 
8. NOMENCLATURE 
a - constant in the Peng-Robinson equation of state, 
(Jm 3/mol. 2). See Equation (8). 
A - dimensionless form of a, (aP/R2T2) 
b constant in the Peng-Robinson equation of state. 
3 (m /mol.) See Equation (q) 
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B - dimensionless form of b, bP/RT; or the second virial 
coefficient, m3/mol. 
BIAS - bias. See Equatidn (24) 
d - difference between an exoer imen ta l and ca lcu 1 .1 ted 
value 
fugacity in the pure state, Bar 
-
,· fugacity in a mixture, Bar 
K - equilibrium ration, Y/X 
n - number of moles , mo_ l 
N - number of data points 
P - pressure, Bar 
r - residual function for least squares analysis, 
See Equation (23) 
R - gas constant, 8.3144 J)molK 
RMS - root-mean-square deviation. See Equation (25) 
s - trial function for least 
squares. See Equation (22) 
T - temperature, K 
V - molar volume, m
3/mol 
V - volume, 
3 
m 
X - l i'quid phase mole fraction 
y 
- vapor phase mole fraction 
z - vapor phase mole fraction 
parameter in the Peng-Robinson equation of 
state 
(l -
y - liquid phase activity coefficient 
y*- liquid phase activity coefficient (unsymmetrical 
normalized solute) 
6 .. " l 
• V 
interaction parameter in the Peng-Robinson 
equation of state 
K - parameter in the Peng-Robinson equation of state 
~ fugacity coefficient in a mixture 
w - acentric factor 
Superscripts 
L - liquid phase 
s - at saturated conditions 
V - vapor phase 
o - standard state 
* - unsymmetric convention of normalizing activity 
coefficients. See Equation (32) 
Subscripts 
C - critical 
exp - experimental 
i - component 1. or a counter 
j - component j 
k - component k 
r - reduced 
1 - component 1 
2 - component 2 
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